Nickel-based catalyst precursor for dry reforming of methane was successfully prepared by a self-combustion method. Three different amino acids: urea, glycine and citric acid were tested as fuels in the redox reaction with metal nitrates. For each fuel, a thermodynamic modeling of the combustion reaction was performed. The samples were characterized by X-ray diffraction (XRD), Thermogravimetric analysis (TG), Scanning electron microscopy (SEM), Attenuated total reflectance -Fourier transform infrared (ATR-FTIR) spectroscopy and Temperature-programmed reduction (TPR). XRD data confirmed the presence of several crystalline phases in the as-prepared powders. The sample prepared with citric acid showed very low crystallinity when compared to the other samples. It was found that the heat release rate of the self-combustion is the determinant factor of the crystallization, and it is fuel dependent. SEM results suggest that the distribution and average particle size of as-prepared powders can be controlled by the appropriate selection of the fuel. Further calcination of these samples at 800 °C/4h led to the crystallization of perovskite-type structure LaNiO 3 . Nanostructured Ni 0 /La 2 O 3 obtained after reduction of LaNiO 3 precursor showed high catalytic activity in dry reforming of methane.
Introduction
Nickel-based solid catalysts have been used for decades in hydrogen production via steam reforming of natural gas due to their high catalytic activity and low cost, which offer significant technical and economic benefits 1, 2 . Beyond the steam reforming 1 , nickel-based catalysts can be applied in other hydrogen production processes such as partial oxidation 2 or dry and autothermal reforming of methane 3, 4 . These catalysts are usually composed of an active species, such as metallic nickel, which is deposited on the surface of oxide particles via a wet impregnation method. However, this technique does not promote a good dispersion of the active species. A more effective way to achieve a good dispersion of the active species is to use a well-defined crystalline structure as a catalyst precursor.
Mixed oxides with the perovskite-type structure have been extensively investigated regarding this purpose [5] [6] [7] . For example, lanthanum nickelate (LaNiO 3 ) can be easily reduced by hydrogen or other reducing agent, even methane, to form a nickel-supported catalyst (Ni/La 2 O 3 ). In this case, metallic nickel is well dispersed on the surface of lanthanum oxide particles.
Commonly, mixed oxides are synthesized in a solid-state reaction where simple metal oxides are mixed and calcined at high temperatures for extended periods of time 8, 9 . Although very simple, this method has several drawbacks, such as high power demand due to the high temperature of the reaction, large particle size and little homogeneity of the prepared materials. Most recently other chemical methods have been reported such as sol-gel 10 Pechini 11 , co-precipitation 12 and self-combustion 13 .
The self-combustion method has been used to prepare several inorganic compounds, including mixed oxides with perovskite-like structure 3, [14] [15] [16] . This process involves a redox reaction between metallic salts of interest (oxidizing agents) and an amino-acid "fuel" (reducing agent). The amount of each reactant is defined according to the concepts of the propellant chemistry 16, 17 . The total potentials of reduction and oxidation are balanced to promote the maximum release of energy in the reaction and the required heat to start the self-combustion of the precursor solution may be generated by microwaves. In this way, the greater rate and uniformity of heating are achieved which significantly affects the cost reduction in terms of energy and time 3, 18, 19 .
Nickel-based Catalyst Precursor Prepared Via Microwave-induced Combustion Method:
Thermodynamics of Synthesis and Performance in Dry Reforming of CH4
In this paper, we present the synthesis and characterization of LaNiO 3 catalyst precursor obtained by a microwave-induced self-combustion method. The effect of the type of the amino acid "fuel" on the crystal structure and microstructure of the prepared samples was studied. Furthermore, the catalytic activity of Ni 0 /La 2 O 3 catalyst derived from reduced LaNiO 3 precursor was evaluated.
Experimental Procedures
The presented studies involve the synthesis and characterization of three nickel-based catalyst precursors prepared by using three different amino acids as fuel (glycine, urea and citric acid). Based on the concepts used in propellant chemistry, 10 mmol each of La(NO 3 ) 3 .6H 2 O and Ni(NO 3 ) 2 .6H 2 O were dissolved in a Pyrex glass beaker using a minimum volume of distilled water. Subsequently, an appropriate amount of amino acid "fuel" was added to the nitrate solution: 27.8 mmol of glycine (sample LNG), 41.7 mmol of urea (sample LNU) or 17.8 mmol of citric acid (sample LNC). The metal nitrates were purchased from MERCK, while glycine, urea and citric acid were acquired from Aldrich, Synth and Vetec, respectively. The solution was kept under constant stirring at about 60 °C. Afterward, the beaker containing the solution was heated in a conventional microwave oven with output power of 800 W and frequency of 2.45 GHz until the spontaneous ignition.
The as-prepared powders were characterized by X-ray Diffraction (XRD) in a D8 Advance BRUKER apparatus using Cu Kα radiation (λ = 1.5406 Å), 40 kV and 30 mA. Rietveld refinement analysis was performed by using MAUD 2.53 (Material Analysis Using Diffraction) program package 20 . Scanning Electron Microscopy (SEM) images were recorded using a Philips XL-30 ESEM microscope. Thermogravimetric Analyzes (TGA) were performed on a Shimadzu DTG-60H apparatus under a continuous air flow atmosphere. ATR-FTIR experiments were carried out on a Bruker Vertex 70 spectrometer.
After calcination at 800 °C for 4h, the powders were re-characterized by XRD. The reducibility of a selected sample (LNU) was determined by Temperature-Programmed Reduction (TPR) performed on 50 mg of calcined powder, in a flow of reductive gas mixture (H 2 = 2 ml min -1 and Ar = 36 ml min -1 ), using a temperature ramp from 25 to 900 °C.
Dry reforming of methane was carried out using 50 mg of catalyst in a fixed-bed quartz reactor (internal diameter of 6.6 mm). The operating conditions were set as follows: inlet temperature from 500 to 800 °C; feed flow rates under normal conditions: Ar = 40 ml min -1 , CH 4 = 5 ml min -1 and CO 2 = 5 ml min -1 (CH 4 /CO 2 = 1). The outlet gas was analyzed by means of two gas chromatograph units used simultaneously: the first one equipped with a molecular sieve column and the second one having a HayeSep column. Before testing, the catalyst was reduced by H 2 (5 ml min -1 ) diluted in Ar (40 ml min -1 ) at a constant heating rate of 3 °C min -1 from room temperature to 700 °C, and this temperature was kept stable for 1 h. Subsequently, the flow rate of H 2 was cut, and the CH 4 /CO 2 mixture added. The catalytic performance was evaluated by CH 4 and CO 2 conversions and H 2 /CO molar ratio calculated as follows:
Results and Discussion
Redox type reactions (self-combustion) are usually exothermic and often lead to an explosion if not adequately controlled. Huge amount of gas was released slowly during the reaction when citric acid was used as fuel. On the other hand, when urea was used, the self-combustion of the precursor solution started after 5 minutes of heating exhibiting an intense yellow flame for few seconds. The reaction with glycine as fuel showed an explosive characteristic with an abrupt increase of pressure in the cavity of the microwave oven. This feature of glycine is related to its decomposition in a single event occuring at about 260-280 °C, releasing all energy in a short period. On the other hand, citric acid and urea decompose within multiple steps. For this reason, a preliminary thermodynamic analysis was performed to predict the behavior of the carried reactions and to compare the effects of different fuels on the reaction temperature and the amount of gas released.
The thermodynamic modeling of the combustion reactions between the oxidizing agents (nitrates of lanthanum and nickel) and a reducing agent (citric acid, urea or glycine) was performed on the basis of the propellant chemistry. All calculations were done-considering a stoichiometric oxidizer/reducer ratio and N 2 , CO 2 and H 2 O as the principal gaseous products. The involved enthalpy of the reactions and the adiabatic flame temperature were calculated by using thermodynamic data obtained from the literature (see Table 1 ) and the following equations:
where n is the number of moles of each species, ΔH 0 p and ΔH 0 r are the standard enthalpies of formation of products and reactants, C p is the heat capacity of reaction products at constant pressure, T f is the adiabatic flame temperature and T 0 is 298 K.
From a thermodynamic point of view, the combustion reaction between oxidizing and reducing agents may occur in different ways. Table 2 shows the chemical reactions involved and its respective enthalpies. The equations that describe these reactions were chosen based on the reactants and the combustion reaction products obtained in preliminary tests with glycine. Thus, we considered the formation of LaNiO 3 or a mixture of NiO and La 2 NiO 4 .
As it can be observed in Table 2 , the combustion reactions of urea (R1), glycine (R2) and citric acid (R3) are exothermic and may provide heat required for the self-combustion synthesis. On the other hand, thermal decomposition of nitrates is endothermic and leads to the formation of NiO (R4) and La 2 O 3 (R5), respectively.
The overall reaction for the combustion synthesis of LaNiO 3 may be described by equations RF1 (RI1 + mR1) for urea, RF3 (RI1 + mR2) for glycine and RF5 (RI1 + MR3) for citric acid. However, preliminary tests suggested the formation of NiO and La 2 NiO 4 instead of a single phase LaNiO 3 , what led us to consider another thermodynamic description of these overall reactions. Assuming that NiO and La 2 NiO 4 are the solid products, we propose the overall reactions RF2, RF4 and RF6 when urea, glycine and citric acid are used as fuel, respectively. Based on these data, the enthalpy of combustion, adiabatic flame temperature and the amount of gas released were calculated ( Table 3) .
The flame temperature is significantly influenced by the type of fuel as well as the fuel/oxidizer ratio and the amount of water remaining in the precursor solution at the moment of the ignition 23 . The adiabatic flame temperatures may reach values higher than 900 °C for all tested fuels (see Table 3 ). However, measured flame temperatures are usually lower than calculated values due to the radiation losses, incomplete combustion, air heating, water vaporization, among other factors.
X-ray diffraction patterns of as-prepared powders are shown in Figure 1 . It can be seen that the self-combustion reaction led to the crystallization of a mixture of several phases, but no trace of the LaNiO 3 perovskite-type structure is observed. The intensity and sharpness of the diffraction peaks suggest the increase of the crystallinity in the following order: LNC < LNU < LNG.
Four crystalline phases were identified in the samples prepared with glycine; the primary phase La 2 NiO 4 , with tetragonal K 2 NiF 4 -type structure (JCPDS file n o 11-0557) and According to Gobichon et al. 24 lanthanum oxynitrates such as LaONO 3 , La 3 O 4 NO 3 and La 5 O 7 NO 3 are formed during thermal decomposition of lanthanum nitrate over the temperature range 320-470 °C. Thus, the presence of these phases indicates that the heat of combustion generated by Table 1 . Thermodynamic data: enthalpy and heat capacity 21, 22 . urea was not enough to assure the complete decomposition of the metal nitrates and to form the respective oxides. Thermal decomposition of urea is a multiple-step process in which many intermediate compounds are formed, such as HCNO, (HCNO) 3 , H 2 NCONHCONH 2 , among others. The formation of La 2 NiO 4 and NiO instead of LaNiO 3 occurs due to the limited availability of oxygen from the reactants. According to reactions described in Table 2 , the oxygen content of the reactants is sufficient to form a mixture of oxides, La 2 NiO 4 + NiO. On the other hand, the synthesis of LaNiO 3 requires the presence of oxygen from the environment.
Compound
The XRD pattern of the sample synthesized with citric acid indicates low crystallinity, however it was possible to identify the following crystalline phases: NiO, La(OH) 3 , La 2 CO 5 (JCPDS file n o 32-0320) and La 2 O(CO 3 ) 2 (JCPDS file n o 32-0490). The presence of lanthanum carbonates may be a consequence of the massive carbon amount released during the thermal decomposition of citric acid. Figure 2 shows TG curves of as-prepared powders. For all cases, maximum weight loss was reached up to 700 °C: 7.4, 15.5 and 38.3% for the samples obtained with glycine, urea and citric acid, respectively. In general, the profile of weight loss curves of the samples prepared with citric acid and urea is quite similar. In both cases, the first event of weight loss is observed up to 350-400 °C corresponding probably to adsorbed water and La(OH) 3 decomposition. A second event occurring from 400 to 600 °C may be assigned to the decomposition of the lanthanum oxynitrates. From 600 to 700 °C the final weight loss event due to the decomposition of lanthanum carbonate species can be seen. Above 700 °C these samples show a distinguishable behavior; while the sample made with citric acid is stable, the sample prepared with urea shows a slight increase of mass. This weight gain may be ascribed to the oxidation of Ni 2+ to Ni 3+ , which takes place during the crystallization of LaNiO 3 . For the sample produced by using glycine as fuel, the TG curves revealed two weight loss events found at about 100-250 and 250-450 °C corresponding to adsorbed water and La(OH) 3 decomposition, respectively. In addition, this sample showed an increase of mass above 750 °C due to the reaction between NiO and La 2 NiO 4 leading to the crystallization of LaNiO 3 . Figure 3 depicts the ATR-FTIR spectra of the samples taken in air atmosphere at room temperature. At least three distinct vibrational regions at 3660-3000 (OH stretching), 1700-750 (nitrate/carbonate stretching) and 560-400 cm -1 (metal-oxygen stretching) can be noted. In the range of 1700-1200, the peaks are rather broad, suggesting overlapping of the bands originated from different phases such as nitrates and carbonates. Above 560 cm -1 , a significant increase in absorbance is observed ascribed to La (or Ni)-O stretching vibrations. Figure 4 shows SEM images of the as-prepared powders. The samples present typical morphology of powders prepared via combustion reaction. Sponge-like agglomerates formed of nanoscale particles are clearly observed, independently of the fuel used. However, the change of fuel promoted the increase in the size of particles in the following order; citric acid (Figures 4a-b) , urea (Figures 4c-d) and glycine (Figures 4e-f ). The sample formed using citric acid has a higher porosity with respect to urea and glycine, which show pre-sintering. These results are in agreement with the thermodynamic data and the number of moles of gas released (see Table 2 ). The porosity rises with increasing Table 3 . Enthalpy of combustion, adiabatic flame temperature and number of moles of gas released. the amount of released gas; on the other hand, the increase of the enthalpy of combustion led to sintering of particles. The particle size distribution was analyzed from SEM images taking into account the longest length of each particle measured, and a histogram is presented in Figure 5 . Data were normalized based on the number of particles examined, sixteen for each micrograph. As observed, the sample synthesized with citric acid has a narrow distribution with particles size varying from 100 to 150 nm. In the case of sample LNU (urea as fuel), about 80% of the particles have sizes ranging from 200 to 300 nm, whereas, when glycine was used as fuel, the sample LNG shows particles size distribution significantly larger, typically 225-475 nm.
Reaction

Enthalpy of combustion (kcal/mol)
The as-prepared powders were calcined at 800 °C for 4h and then analyzed by XRD and the patterns are depicted in Figure 6 . As expected, based on TG data, the calcination led to the crystallization of a single phase LaNiO 3 . All diffraction lines were properly indexed as rhombohedral structure (space group R-3m) according to the JCPDS file n o 33-0711. However, it must be considered that the mechanism of crystallization may be different from that of sample prepared with citric acid (LNC). This sample showed a significant number of intermediate compounds of the combustion reaction, mainly carbonates, but no traces of oxides were observed. For that reason, crystallization starts with decomposition of these compounds forming simple oxides followed by the diffusion of the atomic species leading to the formation of a mixed oxide LaNiO 3 . On the other hand, the samples prepared with glycine (LNG) and urea (LNU) presented a significant amount of oxides and just traces of intermediate compounds of the combustion reaction. Therefore, it was found that the perovskite structure crystallizes directly via diffusion of the atomic species.
Temperature-Programmed Reduction (TPR) was carried out to evaluate the reducibility of the perovskite structure prepared by microwave-assisted combustion method. Figure 7a shows the TPR profile of the sample LNU calcined at 800 °C for 4h. Two H 2 consumption events can be easily distinguished. The first event (I) with a maximum observed at 440 °C corresponds to the reduction of the Ni 3+ to Ni 2+ leading to the formation of La 2 Ni 2 O 5 [25] . The presence of a left-shoulder assigned to the amorphous or superficial nickel oxide (NiO) is also noticeable 3 . The second H 2 consumption peak (II) with a maximum at 570 °C is related to the reduction of Ni 2+ to Ni 0 . As expected, this event consumes approximately two times more H 2 than the first one (see Figure 7a ). Above 650 °C all nickel present in the sample is reduced to metallic form. After the TPR test, the sample was collected and characterized by XRD. Phase composition was estimated by the Rietveld method (see Figure 7b ). A good agreement between experimental and calculated curves was obtained, the weighted residual error R wp reached 3.64% and the goodness-of-fit (sig) 1.27. The results confirmed the formation of 29% of Ni 0 and 71% of La 2 O 3 (by mass), very close to theoretical values calculated based on perovskite formula LaNiO 3 : 26.4% of Ni 0 and 73.6% of La 2 O 3 (by mass). Slight differences in the nickel content are justified by the presence of the amorphous phase NiO, previously proposed based on TPR profile analysis.
The sample LNU was tested as catalyst precursor after being calcined and reduced in H 2 stream under the conditions previously established. This procedure allows the formation of a Ni 0 /La 2 O 3 catalyst derived from perovskite structure. The activity of this catalyst in dry reforming of methane was evaluated under atmospheric pressure as a function of temperature. The CH 4 and CO 2 conversions as well as the H 2 /CO molar ratio are presented in Figure 8 .
No activity was observed in a low-temperature reaction (500 °C). However, conversions of both CH 4 and CO 2 reached 85 and 88% at 800 °C, respectively. These conversion values are in a good agreement with results recently reported by Nain et al. 25 , which were obtained over LaNiO 3 -based catalysts prepared by nanocasting. It is worth saying that the same authors also reported that these results were much better than those obtained with LaNiO 3 -based catalysts prepared by a conventional method (citrate process).
The H 2 /CO molar ratio, initially of 0.7 at 550 °C, increases as the temperature rises to 650 °C, reaching the value of 1. This value decreases until 0.9 as the temperature rises from 700 to 800 °C. Based on the stoichiometry of the dry reforming reaction (Equation 6), a value equal to 1 is expected. However, at higher temperatures (650-800 °C), hydrogen can be partially consumed by the reverse Water-Gas Shift Reaction (RWGS) represented in Equation 7 25, 26 . 
It is worth noting that other side-reactions can take place during dry reforming of methane, which may also affect the composition and stoichiometry of the products. Some of them can involve carbon formation. These reactions should be avoided or limited because they lead to the catalyst deactivation. In this way, the effect of a catalyst support with basic characteristics, such as La 2 O 3 , becomes crucial, and it can improve the resistance of coke deposition. 
Conclusions
In summary, we synthesized a nickel-based catalyst precursor for dry reforming of methane using a microwave-induced combustion approach. Three types of amino-acids were tested as a fuel: urea, glycine and citric acid. The thermodynamic modeling of combustion reactions suggest that all tested fuel could assure high adiabatic flame temperature, above 900 °C. However, it was found that the rate of heat release was fuel dependent. While for citric acid, the heat release was too slow drastically limiting the crystallization of the product, the heat release for glycine was too fast, with explosive characteristic. The urea showed an intermediary heat release rate, enough to promote high crystallinity of the product, but without explosive characteristic of the reaction. In all cases, the product was formed as a mixture of phases, including amorphous, but no traces of perovskite-type phases were detected. The as-prepared powders with urea and glycine showed very similar morphology. However, the sample prepared with urea presented a narrow particle size distribution. After calcination at 800 °C for 4h, all samples showed the same crystalline composition, only one phase LaNiO 3 . The sample LNU was used as a catalyst precursor. This sample was reduced in H 2 atmosphere to form a Ni 0 /La 2 O 3 catalyst which was tested in dry reforming of methane showing high catalytic activity. CH 4 and CO 2 conversions reached 85 and 88% at 800 °C, respectively.
